Abstract-We present a miniature passive wireless resonant sensor and its use in a novel platform for chemical-memory-based threshold sensing. The sensors are microfabricated with polyimide passivation and utilize various customizable polymer sensor layers allowing for capacitive transduction. Sensors of ≈2-mm 3 active volume and 8-mm working distance are demonstrated, with experimental data for sensing using multiple polymers in multiple solvents. The novel design with configurable sensor layers enables a versatile platform for chemical and environmental monitoring applications.
Abstract-

I. INTRODUCTION
P
ASSIVE wireless resonant (PWR) sensors have proven valuable, by virtue of being battery-free and the simplicity of their operational principle, in many application domains in which the sensing environment places stringent constraints on size, reliability, and cost. PWR sensors have been utilized in structural health monitoring [1] , environmental parameter monitoring [2] , harsh environment gaseous sensing [3] , and dielectric environment sensing [4] . This work presents the first report of miniature PWR sensors (≈2mm 3 ) and their use in a novel sensing platform with threshold chemical-memory sensing (CMS), enabling utilization of various sensing layers for highly customizable applications. The ease of fabrication, modification, and low cost of the CMS lends the platform versatility for threshold sensing of several different parameters for chemical and environmental monitoring. Without any active electronics or sensitive mechanical parts the CMS platform can be easily used for harsh environment sensing.
II. SENSOR DESIGN AND OPERATION
The PWR CMS uses a self-resonant planar inductor passivated using a cured polyimide (PI) layer that is batchfabricated by microlithographically masked electroplating on an inert substrate like quartz (≈500 μm thick), similar to [4] ( Fig. 1(a) ). The sensor coil is designed to maximize the selfinductance and inter-winding capacitance by maximizing the number of turns, leading to an overall reduction in its self- electroplating is used to yield 5-7 μm thick inductor metal to increase the Q of the resonator. The state of the sensor is interrogated in air using weak inductive coupling between the sensor and a non-contact, swept-frequency, single-turn reader coil on quartz that has a higher SRF, with a typical reader-sensor separation of 1-2 mm and readable up to 8 mm.
The reflected impedance of the sensor produces a measurable phase-dip of ≈20°, located at the sensor SRF, from the ≈90°i nductive baseline of the reader coil's input impedance phasespectrum ( Z in ) [1] , [4] . The CMS platform utilizes the self-capacitance of the sensor element as the transducer. A change in the surrounding dielectric environment (ε r ) of the resonator coil effectively changes the C s and shifts f s , while a lossy dielectric with finite conductivity degrades the Q( f s / f ) of the phasedip [1] , [4] . Fig. 1(b) shows a cross-sectional illustration of E-field patterns in the resonator with passivation layer (PL) only (left) and further confinement of the field lines by the addition of a sensor layer (SL), due to an increased effective ε r and in turn C s (right). The PL should be thick enough to provide a protection barrier for the resonator, while 1558-1748 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. thin enough to allow for sufficient external field penetration, leading to a measurable SRF shift when SL is applied or dissolved [4] (typical PL thickness ≈20μm). Fig. 1(c) shows the operation principle. The application of the SL changes the sensor SRF, shifting the location of the phase-dip in the reader Z in . When the SL is exposed to a target solvent and is dissolved, the sensor SRF reverts back to its initial value, demonstrating the chemical-memory based threshold sensing operation.
III. EXPERIMENTAL RESULTS AND DISCUSSION
We have evaluated the CMS platform with candidate SLs using orthogonal solvent specificities, yielding a test setup to assess repeatability and robustness (Fig. 2) . The SLs utilized in this study are solution prepared stock polymers (Sigma-Aldrich) of poly(4-tert-butylstyrene) (PTBS, CAS: 26009-55-2, M W : 50-100k), poly(4-vinylpyridine) (PVP, CAS: 25232-41-1, M W : 60k) and poly(methyl methacrylate) (PMMA, CAS: 9011-14-7, M W :120k). PVP is insoluble in hexane and acetone, but soluble in ethanol; PTBS is soluble in hexane, sparingly soluble in acetone and insoluble in ethanol; PMMA is insoluble in hexane and ethanol, but soluble in acetone. For the purpose of rapid prototyping, the polymers are applied on to fully fabricated, PI passivated resonators by brush-coating and hotplate curing. For specific applications, the SL can be spin-coated and integrated with the batchfabrication process. Increased SL thickness leads to decreased SRF, e.g., a single PVP or PTBS coat shifts the SRF to 390 MHz from 400 MHz, and a double coat further shifts it down to 380 MHz, demonstrating a consistent 10 MHz shift per coat. An example experimental cycle (Fig. 2(c) ) involves first measuring, ex situ in air, the SRF of a PI passivated resonator ( f s = f 0 ). After application and curing of the SL (PMMA), the SRF is shifted to a lower frequency ( f s = f 1 < f 0 ). The CMS sensor is then exposed to hexane and ethanol (inert solvents or I.S.), yielding no change in the SRF ( f s = f 1 ). Finally, it is exposed to acetone (target solvent or T.S.), which dissolves the PMMA and restores the initial SRF ( f s = f 0 ). All measurements are made ex situ in air after the sensor is dried following solvent exposure. We have also established the repeatability and robustness of the CMS platform by replicating the entire test cycle several times on the same resonator and/or several exposures of a particular SL-coated resonator to its inert solvent, yielding the same SRF within a ≈0.25-0.5% (≈1-2 MHz) margin, while the sensing event SRF shifts are ≈2.5% (≈10 MHz) (see right column plots of Fig. 2 for 3 -5 cycles repeatability data). The PL acts as an excellent barrier to outside elements for the CMS resonator, preserving the Q of the phase-dip pre-and post-solvent exposure (no hysteresis), while still allowing ample field-penetration into the external SL for large, measurable SRF shifts and phase-dips. The large SRF shifts, and the marked repeatability of the observed SRFs and Qs at different stages during the test cycle, ensure reliable detection events with the CMS sensors, making the platform ideal for applications requiring robust, repeated testing in chemical environments. With addition of more SLs sensitive to a larger group of analytes, the CMS platform is highly customizable to specific applications. Current and future work focuses on extension of the CMS platform to multi-analyte environments with multi-SLs, quantification sensing with timed-release SLs, and more robust 3D encapsulation of the CMS resonators for harsh environment sensing.
